The relatively simple composition of hyaline cartilage (1, 2) offers a unique opportunity to investigate the mechanism of erosion of this tissue in the presence of inflammatory synovitis. Shatton, Schubert and Malawista (1, 2) have shown that about half of the dry weight of bovine nasal cartilage consists of chondromucoprotein material. A protein preparation of similar composition has been isolated from human rib cartilage (3). The other half of dried cartilage consists mainly of collagen (2). In the absence of evidence of an enzyme that can attack native collagen at physiological pH, it appeared logical to investigate the possibility that the primary process occurring during the erosion of cartilage was the degradation of the chondromucoprotein. Accordingly, the effect of extracts of leukocytes and inflamed synovial membrane on the chondromucoprotein was studied.
The relatively simple composition of hyaline cartilage (1, 2) offers a unique opportunity to investigate the mechanism of erosion of this tissue in the presence of inflammatory synovitis. Shatton, Schubert and Malawista (1, 2) have shown that about half of the dry weight of bovine nasal cartilage consists of chondromucoprotein material. A protein preparation of similar composition has been isolated from human rib cartilage (3) . The other half of dried cartilage consists mainly of collagen (2) . In the absence of evidence of an enzyme that can attack native collagen at physiological pH, it appeared logical to investigate the possibility that the primary process occurring during the erosion of cartilage was the degradation of the chondromucoprotein. Accordingly, the effect of extracts of leukocytes and inflamed synovial membrane on the chondromucoprotein was studied.
Chondromucoprotein as extracted by Shatton and Schubert (1) contains about 70 per cent chondroitin sulfate and 30 per cent protein. It is water-soluble and highly viscous in solution. The latter property is in contrast to that of free chondroitin sulfate, which forms solutions of relatively low viscosity. On the basis of this difference, the rate of breakdown of the mucoprotein under the influence of cell-free extracts of leukocytes from the peripheral blood and of synovial membranes from patients with a variety of arthritides has been measured. Rapid decrease in viscosity on treatment with extracts of normal leukocytes and rheumatoid synovial membranes has been observed. dissolution of cartilage in rheumatoid arthritis and in other inflammatory arthritides occurs as a result of this process.
Shatton and Schubert (1) and Muir (4) have shown that crystalline trypsin and papain., respectively, reduce the viscosity of chondromucoprotein preparations in vitro. The results reported in the present paper have been previously published in abstract form (5) .
METHODS
Chondromucoprotein.1 This was prepared from bovine nasal cartilage by the method of Shatton and Schubert (1) .
Leukocyte extracts. Pellets of leukocytes obtained from the peripheral blood of normal subjects and of hospitalized patients with a normal peripheral blood picture were prepared by the addition of 1 vol of 6 per cent dextran solution to 3 vol of heparinized blood distributed in 15 ml conical centrifuge tubes. After allowing them to stand for 1 hour at 370 C, the supernatants were removed and centrifuged. The pellet obtained from 60 ml of heparinized blood was taken up in 2 ml of distilled water and alternately frozen and thawed 10 times using an ice-salt bath. The mixture was then ground in a small glass homogenizer and centrifuged. The clear pink supernatant was brought to a volume of 3 ml.
Synovial membrane extracts. Synovial membrane was obtained through the cooperation of Dr. R. L. Preston from patients with rheumatoid arthritis, ankylosing spondylitis, and osteoarthritis of the hip and knee, who were undergoing joint surgery. The fresh synovial tissue was minced with scissors in the cold. Approximately 2.5 g of minced tissue was homogenized in 2.5 ml of water using a glass homogenizer. The homogenate was then alternately frozen and thawed 10 times using an ice-salt mixture and cleared by centrifugation.
Viscosity measurements. Four ml of a 0.5 per cent solution of the chondromucoprotein in neutral salinephosphate buffer (0.075 M sodium chloride and 0.075 M phosphate) was pipetted into a 4 ml Ostwald viscosimeter placed in a water bath at 37°C. Following a period of 15 minutes for temperature equilibration, 0.1 ml of leukocyte or synovial membrane extract was added, the solu-tion was rapidly mixed and viscosity readings were made at fixed time intervals. Measurements were carried on for periods of 2 to 5 hours. Per cent decrease in relative viscosity was calculated according to the formula: per cent decrease = (To -T/To) X 100, where To was the initial time of fall in seconds and T the time of the experimental period. In some experiments, per cent initial relative viscosity was calculated.
Separation of lymphocytes from granulocytes of the peripheral blood. Lymphocytes were separated by the lucite plastic cylinder method of Kline (6) . Forty to 60 ml of heparinized whole blood was taken for the usual preparation and from 0.4 to 1.5 ml of lymphocyte suspension was obtained. Following total and differential cell counts, the lymphocyte suspension was alternately frozen and thawed 10 times and the resulting cleared extract assayed for viscosity-reducing activity. In some experiments, the lymphocytes were separated from the suspension by centrifugation, washed twice with saline, suspended in distilled water (0.5 to 2 ml) and alternately frozen and thawed 10 times to prepare an active extract.
The sediment of erythrocytes and granulocytes was resuspended in the supernatant plasma and, after addition of dextran, the granulocytes were isolated in the usual manner. The pellet of granulocytes was washed twice with saline and total and differential cell counts were performed on the saline suspension. The latter was then centrifuged and the resulting pellet taken up in 0.5 to 2 ml of distilled water. The suspension was frozen and thawed 10 times and the resulting extract assayed for viscosity-reducing activity. Microscopic examination of extracts so prepared showed no intact cells in either the lymphocyte or granulocyte fractions.
Hexosamine was determined by the method of Elson and Morgan as modified by Schloss (7) .
Formol titration was carried out according to the method of Northrop (8) .
Crystalline following heating. The viscosity-reducing effect of the leukocyte extract was proportional to its concentration ( Figure 3 ). The activity of the leukocyte extract increased approximately twofold for a 100 rise in temperature (27.50 to 37.5°C
) while that of the synovial extract increased approximately 35 per cent under the same circumstances. The susceptibility of the chondromucoprotein substrate to both extracts was not changed after heating the former at 650 C for 20 minutes.
To investigate the effect of pH on activity, a leukocyte extract was added to solutions of chondromucoprotein in 0.01 M phosphate-citrate buffer of varying pH. Maximum reduction of viscosity measured after one hour was observed in the region of pH 6.7 ( Figure 4 ).
The rate of decrease of viscosity was not influenced by the addition of 0.1 ml of the following: 1 per cent ascorbic acid, cysteine or sodium sulfide solutions; 0.5 per cent crystalline hemoglobin and crystalline serum albumin solutions; or normal serum. The viscosity-reducing effect was completely inhibited by 0.05 ml of 0.1 M mercuric chloride solution but not significantly by the same concentration of copper sulfate, zinc chloride, manganous sulfate or cobalt chloride. When 1.5 g samples of fresh rabbit spleen were ground in a glass homogenizer with 7.2 ml of water, physiological saline and 5 per cent saline, respectively, the resulting extracts showed no activity. Nor was activity obtained with extracts of mouse spleen, kidney, liver, or lung when 300 mg of each tissue was minced, homogenized in 2 ml of water, and cleared by centrifugation. The nitrogen concentration of the above extracts varied between 0.11 and 1.0 mg per ml.
The viscosity of a 0.5 per cent solution of sodium hyaluronate was unaffected by a leukocyte extract.
Proteolysis measured by formol titration. To determine the per cent hydrolysis of the chondromucoprotein, formol titrations were performed on this protein following incubation with a leukocyte extract, with an extract of rheumatoid synovial membrane, and with trypsin. In these experiments, 120 mg of chondromucoprotein was incubated with appropriate amounts of the active extracts for one hour in the usual manner. Viscosity falls of 50 to 55 per cent were recorded during this period in each case (Table I) . Neutralized formalin was then added and the formol titration carried 0.5 and the dry residues were redissolved in 25 ml of neutral buffer. Ten ml of the solutions thus obtained were dialyzed for three days against running tap water. The residues remaining on the fritted glass funnels were redissolved in 50 ml of buffer solution. Filtrates, residues, and dialyzed filtrates were analyzed for nitrogen and hexosamine content (Table II) .
A similar experiment was carried out, using trypsin instead of leukocyte extract. To 50 ml volumes of chondromucoprotein solution, 0.1 mg quantities of active and inactivated crystalline trypsin in 0.1 ml of water were added, respectively. Inactivated trypsin was obtained by heating at 1000 C for eight minutes. Following 165 min- Table IV . It is seen that there is good correlation between the activity of the extracts and the intensity of the inflammatory reaction. Activity was shown only by the three extracts of synovial membranes from patients with rheumatoid arthritis, which were graded either 2-plus or 3-plus. Minimal or no activity was shown by the other extracts, which had negligible infiltration. This was true of all the samples from the patients with degenerative joint disease.
Activity of granulocytes and -lymphocytes. Experiments were carried out to establish the relative activity of these leukocyte fractions, using the swimmer technique of Kline (6) to separate them.
It is apparent from the data presented in Table  V that extracts prepared from granulocyte-rich fractions are active, whereas those prepared from lymphocyte-rich fractions do not show activity. The data, especially those of Experiment II, strongly suggest that not only are extracts of lymphocytes themselves inactive but that the presence of a relative excess of lymphocytes over granulocytes tends to inhibit the activity of the granulocyte fraction. It was in fact possible to demonstrate reduction of the activity of granulocyte extracts by the addition of lymphocyte extracts. The results of the latter experiments were quite variable, however, because of the apparently critical ratio of the number of lymphocytes to granulocytes required to effect inhibition. enzymes capable of attacking one or more of the constituents of cartilage may be liberated as a result of cellular breakdown.
The demonstration that about half the dry weight of cartilage consists of chondromucoprotein suggested that the lytic action might be well directed against this constituent rather than against collagen, the other major component of cartilage. In favor of this possibility was the absence of known enzymes in the animal body capable of attacking native collagen at neutral pH. Degradation of chondromucoprotein was easily demonstrated in terms of a rapid fall in viscosity of a solution of this protein when it was incubated with extracts of rheumatoid synovial membrane as well as with extracts of leukocytes obtained from the peripheral blood. The decrease in viscosity observed was similar to that obtained with trypsin.
That the reduction in viscosity was due to an enzymatic process appeared likely for a number of reasons. The rate of the reaction increased with the concentration of the extract used and with temperature, and it varied with pH, reaching an optimum at pH 6.7. The activity was entirely abolished by heating. Formol titration following incubation with both leukocyte and rheumatoid synovial membrane extracts demonstrated liberation of approximately 0.7 per cent of the total nitrogen at the point of 50 per cent reduction in viscosity, while trypsin under similar conditions gave a somewhat higher value. These results suggested that the enzyme or enzymes involved were endopeptidases.
Significant information about the type of proteolysis produced was obtained by filtration of the reaction products through fritted glass bacterial filters. It is known from the work of Shatton and Schubert (1) that the chondromucoprotein is not filterable through this type of funnel, while free chondroitin sulfate is filtered. Treatment of the chondromucoprotein, with extracts of leukocytes as well as with trypsin, did in fact result in the formation of large amounts of filterable material. The split products, which, as formol titration had previously indicated, were relatively large units, appeared to be of two types: one, a fraction rich in hexosamine and low in nitrogen which did not pass through the funnel; the other, a fraction rich in nitrogen and poor in hexosamine which did traverse the filter. Although 20 to 25 per cent of the nitrogen was filtered, less than 4 per cent of the hexosamine behaved similarly.
Although the chondromucoprotein has been observed to be electrophoretically homogenous over a wide range of pH (12) , two components have recently been observed on ultracentrifugal analysis (3) . In view of the latter evidence of nonhomogeneity, it is not possible to interpret the relationship of the composition of the hydrolytic products to the structure of the chondromucoprotein substrate.
A linear type of arrangement in which chondroitin sulfate complexes are cemented together in an end to end fashion by protein has been suggested by Muir (4) for a chondroitin sulfateprotein complex isolated from hyaline cartilage.
The structure of chondroitin sulfate-protein compelexes has also been discussed by Webber and Bayley (13), Bernardi (14) , and Mathews (15) .
Regardless of the homogeneity and structure of the components of the chondromucoprotein preparation used, it is clear that significant alteration of the chemical and physical properties of the mucoprotein ground substance of cartilage is produced by the various extracts and enzymes studied here and by other workers.
Differences in proteolytic activity between polymorphonucleocytes and lymphocytes have been noted previously. Barnes (16) has reported the presence of a trypsin-like enzyme in cat polymorphonucleocytes which was not present in the lymphocytes of this species. In the present experiments not only were extracts of lymphocyte fractions themselves inactive, but there was evidence that they were, in fact, capable of inhibiting the activity of polymorphonucleocyte extracts. This is strongly suggested by the data in Table V An illustration of the in vivo destruction of cartilage by a proteolytic enzyme is seen in the observation of Thomas (18) that the intravenous injection of crude papain into rabbits resulted in collapse of the rabbits' ears and depletion of the basophilic component of the cartilage matrix. The depleted component was presumably the chondromucoprotein since there was a considerable reduction in the chondroitin sulfate content of cartilage following injection of papain (19) . A striking example of a disease in which the breakdown of cartilage probably occurs as a result of the action of the enzymes of inflammatory cells is seen in the syndrome, chronic atrophic polychondritis, which has been recently reviewed by Bean, Drevets and Chapman (20) . This syndrome is characterized by widespread inflammation and dissolution of cartilage. The inflammatory cells in the cartilage are predominantly polymorphonuclear leukocytes. It seems likely that the dramatic dissolution of cartilage observed in this disease is a result of proteolysis of chondromucoprotein.
A localized type of cartilage necrosis at the site of contact between cartilage and vascular synovial tissue has been described in frostbite by Kulka and Blair (21) . Neutrophilic infiltration of the synovial membrane occurred following exposure of rabbit feet to cold. This was followed by accumulation and fragmentation of corpuscular elements in the injured tissues and a subsequent resorption of cartilage.
Lack (22) has recently reported that bovine plasmin is capable of liberating chondroitin sulfate from cartilage slices in vitro. From this observation the author has concluded that plasmin may play a role in the chondrolysis associated with joint infections caused by organisms like the staphylococcus and streptococcus which produce kinases capable of activating plasminogen. 1. Extracts of leukocytes from the peripheral blood and from rheumatoid synovial membranes have been shown to degrade a mucoprotein preparation prepared from bovine hyaline cartilage. The activity of the leukocyte extracts was shown to be derived from the polymorphonucleocyte fraction. The lymphocyte fraction yielded inactive extracts. The activity of human synovial membrane extracts was proportional to the amount of cellular infiltration.
2. The breakdown of the mucoprotein was associated with a marked decrease in viscosity, but only a small fraction of the peptide nitrogen present was liberated. Fractionation of the hydrolytic products indicated that the mucoprotein had been degraded into portions which were relatively high and low in chondroitin sulfate content, respectively. Similar results were obtained with a solution of trypsin. The data suggest that the active agents of the leukocyte extracts studied were endopeptidases.
3. On the basis of the findings presented, it is suggested that the dissolution of cartilage in rheumatoid arthritis and in other inflammatory arthritides is due to degradation of the mucoprotein ground substance of the cartilage by enzymes liberated in the course of breakdown of cells present in the inflamed synovial membrane.
